Current research on directional extreme wind speeds is incomplete, especially in the area of correlation among wind speeds in different wind directions. An improved method of independent storm is proposed in this paper. The proposed method is appropriate for directional extreme wind speed sampling. The asymptotic independence of wind speeds in different directions for normal wind climates is affirmed by calculating the tail dependence coefficient. A new estimation technique for design wind speeds is proposed based on this information by considering wind direction. Results are presented and discussed with Nanjing City as the example.
Introduction
pointed out that researchers must consider wind direction to accurately estimate wind load on a structure. However, only annual maximum wind speeds are used in the traditional wind extremum estimation method. Thus, information that can help estimate directional extreme wind speeds is lacking. Cook (1982) developed a stable estimation method based on independent storm records to improve data utilization rate, thus making it possible to analyze wind speed in each wind direction. Cook (1983; proposed a practical method for estimating directional design wind speeds based on a previous technique, which was a significant development in the field at that time. However, this method has several problems, such as disregarding a number of strong wind speed samples in certain directions and the correlation among extreme wind speeds in different wind directions.
Research on the correlation among extreme wind speeds in different wind directions is minimal. Haraguchi and Kanda (1999) and Kanda and Itoi (2001) proposed their two correlated Gumbel probability models for directional wind speeds separately. However, these two models are not applied in directional wind extremum estimation. Itoi and Kanda (2002) compared these two models and pointed out that this kind of method requires optimization.
An improved method of independent storm (MIS) is proposed in this paper. The asymptotic independence of wind speeds in different wind directions for normal wind climates is affirmed by calculating the tail dependence coefficient. A new estimation technique for design wind speeds is proposed based on this information by considering wind direction. Results are presented and discussed with Nanjing City as the example.
Directional MIS

Sampling Method
The basic idea behind MIS as proposed by Cook (1982) is to consider the maximum wind speed of each independent storm as statistical samples. An independent storm refers to the continuous record of wind speed beyond the selected threshold value.
The MIS adopted in the present study is different from Cook's MIS. As shown in Fig.  1 , maximum wind speed from each wind direction in the independent storm should be selected. Samples from the same wind direction should be entirely independent of one another because they were obtained from different independent storms. Compared with Cook's MIS, the proposed MIS has the following advantages.
(1) The current method improves the quantity for each wind direction to ensure the independence of the samples.
(2) As shown in Fig. 1 , strong wind speed samples from several directions are disregarded in Cook's MIS because only one value is selected from an independent storm. This problem can be avoided in the present method.
(3) The samples selected through the present method contain information on the correlation of wind speeds in different wind directions because such samples were selected from a single independent storm.
Independence Test
The independence of the samples should be ensured by selecting a good threshold value. The run test (Bendat & Piersol, 2010) and Kendall τ test (Prokhorov, 2001) are useful for confirming the independence of samples. Only Kendall τ test was described because the former was described by Cook (1982 
where c N and d N are the number of concordant pairs and the number of discordant pairs. This coefficient can be used as a test statistic in a statistical hypothesis test to establish whether the variables are statistically dependent. The sampling distribution of τ is expected to have a value of zero under the null hypothesis of independence. For larger samples, it is common to use approximation to the normal distribution with mean zero and variance.
The rejection region can be ascertained with a given confidence level.
Fitting Distribution Function
The cumulative distribution function (CDF) of annual maximum wind speed in wind direction dir was fitted by XIMIS (Harris, 2009) . CDF is presented as follows:
where dir identifies wind directions and =1,2,..., dir M . M is the number of wind directions.
The wind direction in China is often divided into 16 sectors. We let 1 identify the sector in the north, 2 identify the sector in the north by east, and so on. This manner of dividing and numbering was adopted in this study.
Correlation among Extreme Wind Speeds in Different Wind Directions
Asymptotic Independence
Wind speeds in different wind directions are correlative. However, one phenomenon in extreme statistics is that the correlation between the extreme values of two random variables can be weaker than the correlation between the two variables themselves. For example, when the wind speed in direction A reaches its maximum once in 50 years, the wind speed in direction B may be strong but seldom reaches the same level. Hence, the correlation between the maxima once in 50 years in two directions is weak. In such event, the two variables are said to be asymptotically independent (Coles, 2001 ).
Tail dependence coefficients χ and χ between two variables were calculated to determine whether the variables are asymptotically independent. For two random variables X and Y with the distribution functions ( ) The correspondence between the tail dependence coefficients and the correlation is shown in Table 1 . 
Application to Wind Speed Data
The wind speeds in two different directions were regarded as the aforementioned X and Y . Fig. 2 shows the tail dependence coefficients of wind speeds in two adjacent directions in Nanjing. Although the confidence interval is too large to ascertain the accurate value of the tail dependence coefficients owing to the lack of wind speed data, the upper limit of the confidence interval of ( ) u χ remains smaller than 1 when 1 u → . Hence, the wind speeds in these two directions exhibit asymptotic independence. The same procedure was performed for wind speeds in dozens of Chinese inland cities, and results similar to those in Fig. 2 were obtained. This finding affirms the asymptotic independence of wind speeds in different wind directions. However, this conclusion is only applicable to normal wind climates. The probability that a strong typhoon will generate maximum wind speeds from several wind directions in one year is significantly high. In this case, extreme wind speeds in different wind directions are correlated.
Estimating Design Wind Speeds
Theory of Directional Extreme Wind Speed
The definition of directional design wind speed ,
at return period R is as follows. (1) 
(2) The probability of exceedance in each wind direction is constant in one year and can be expressed as follows:
We considered these two extreme cases. Case 1: Wind speeds in different wind directions are entirely positively correlated, which means that wind speeds in all directions always reaches their maximum once in R years at the same moment. Hence,
Case 2: Wind speeds in different wind directions are entirely independent. In this case,
Combining Eqs. (10) and (11) provides
In reality, wind speeds in different wind directions are positively correlated although this correlation might be weak. Thus, the true value of { } ,max ,
According to the proposed MIS, { } ,max
Estimating Directional Design Wind Speeds
The accurate value of
should be derived based on the tail dependence coefficients. However, the confidence interval is too large because of the limit of wind speed data. The theory of asymptotic independence is useful in this case.
When return period R is large, the weak correlation can be disregarded. Therefore, the independence among extreme wind speeds with a small overall probability of exceedance 1 R in different wind directions can be assumed. Replacing , 
By incorporating Eq. (3) 
Eq. (19) can be easily solved by numerical calculation because the left side of the equation contains a monotone increasing function.
Calculation Example
The daily wind data used in this study were obtained from the meteorological station in Nanjing. These data include 21,915 daily maximum wind speeds with an average of 10 min from January 1, 1951 to December 31, 2010. By using the proposed MIS with a threshold of 9.2 m/s, 1335 independent storms and 1735 wind speed samples in different wind directions were obtained. Run test and Kendall τ test were utilized to determine the independence of the aforementioned data set. The average number of samples per year and the CDF of wind speed samples from each direction were obtained easily. Design wind speeds were derived with Eqs. (18) and (19). After calculation, the design wind speeds at a return period of 50 years were determined to be 24.59 m/s (disregarding wind direction), 29.83 m/s in direction W (which is the maximum), and 16.10 m/s in direction SSW (which is the minimum). The design wind speeds are shown in Fig. 3 .
Discussion
Coefficient γ is introduced to obtain 
